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10
ABSTRACT11

12
Sequestration of trivalent actinides and lanthanides present in used nuclear fuel and legacy wastes is necessary 13

for appropriate long-term stewardship of these metals particularly to prevent their release into the 14

environment. Organically-modified mesoporous silica is an efficient material for recovery and potential 15

subsequent separation of actinides and lanthanides because of its high surface area, tunable ligand selection, 16

and chemically robust substrate. We have synthesized the first novel hybrid material composed of SBA-15 type 17

mesoporous silica functionalized with diglycolamide ligands (DGA-SBA). Because of the high surface area 18

substrate, the DGA-SBA was found to have highest Eu capacity reported so far in the literature of all DGA solid-19

phase extractants. The sorption behavior of europium and americium on DGA-SBA in nitric and hydrochloric 20

acid media was tested in batch contact experiments. DGA-SBA was found to have high sorption of Am and Eu at 21

high nitric and hydrochloric acid concentrations, which makes it promising for sequestration of these metals 22

from used nuclear fuel or legacy waste. The kinetics of Eu sorption were found to be two times slower than for 23

Am in 1 M HNO3, which could aid in subsequent separation of these metals from one another. Additionally, the 24

susceptibility of DGA-SBA to degradation in the presence of acid was probed using 29Si and 13C solid-state NMR25

spectroscopy.  The material was found to be relatively stable in acidic conditions, with the ligand remaining 26

intact after 24 hours of contact with 1 M HNO3, an important consideration in reuse of the DGA-SBA. 27

28
INTRODUCTION29

30
Used nuclear fuel and legacy defense wastes contain significant quantities of trivalent lanthanides and actinides; 31

approximately 10.7 kg of trivalent lanthanides and actinides are present in each ton of used nuclear fuel from 32

pressurized water reactor with typical burnup.1 The two methods of disposal that are currently being proposed 33
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for this waste are either long-term geologic disposal, or partitioning and transmutation of the trivalent 34

actinides.1 In either disposal regime, separation of the trivalent minor actinides from the fission product 35

lanthanides and potentially from one another could reduce the volume of waste requiring long-term disposal36

and reduce costs. The trivalent actinides of interest are curium (Cm) and americium (Am).  Americium is of 37

special interest as it exists in larger quantities and has a longer half-life than Cm (t1/2 (241Am)= 432.6 y  vs. 38

t1/2(244Cm)= 18.1 y). Additionally, the dominant 241Am isotope decays to the long lived 237Np (t1/2= 2.144 x 106 y) 39

and the separation, sequestration and transmutation of Am has the potential to reduce the lifetime of a geologic 40

nuclear waste repository.  The early lanthanides exist as both stable and short-lived fission products in much 41

greater quantities than the aforementioned actinides (> 15x more lanthanides than trivalent minor actinides),142

and complicate separation of the trivalent actinides.1 Given these challenges new methods must be developed 43

to facilitate these separations.44

The minor actinides and the lanthanides exhibit very similar chemistry in acidic media due to their 45

trivalent charge state and nearly identical ionic radii.2 As a result, separations based on size exclusion or 46

differences in oxidation state are not frequently successful. Because of the electronic structure of the actinides 47

relative to the lanthanides, their bonds are typically found to be more covalent in nature, allowing for 48

separations that exploit these small differences.3 Replacing the current liquid-liquid extraction methods,4 with a 49

system based on a solid-phase extractant (SPE) could eliminate the large volumes of hazardous waste generated 50

during separations because of both the lack of organic phase and the potential for reusability. Solid-phase 51

extractants, or extraction chromatography resins, have been synthesized in many different forms and have been52

made commercially available for the purpose of actinide and lanthanide separations. 53

An extraction chromatography resin can be produced by coating, impregnation, or covalent bonding of 54

an extractant ligand to a solid support. The method of production greatly impacts the stability of the overall 55

material. Ligand coating is the most common and easiest synthetic route, and allows the use of a wide variety of 56

ligands since no reactive groups on the inert support structure are necessary. The coated particles, however, 57

often demonstrate poor long-term stability since the high acid concentration or radiation dose can cause the 58
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ligands to degrade and to fall off the support structure.5,6 Additionally, large volumes of solution flushing through 59

the solid-phase or the use of high pressure can reduce the lifetime of the coated SPE materials. Impregnating the 60

ligand traps the ligand in either the solid support matrix itself or in a polymer filling of a porous substrate. This 61

procedure is typically done with silica substrates and has the advantage that the ligand is immobilized in the 62

solid support making it less susceptible to degradation.7–9 The directionality of the ligand, however, is not easily 63

controlled resulting in a random ordering of ligands on the surface, which may lower the percentage of available 64

ligands for binding with the metal. Due to the limitations of the first two methods, the present work investigates 65

grafting the ligand with a covalent bond to a solid-support in order to add stability and control ligand 66

directionality for improved resins. 1067

The solid-support utilized in this work is SBA-15 type mesoporous (mesoporous defined by 2-50 nm pore 68

diameter) silica. SBA-15 has a well ordered, 2d hexagonal pore structure, with a very high surface area (typically 69

>800 m2/g).11 Organically-modified mesoporous silica has been previously synthesized and utilized for lanthanide 70

and actinide sorption utilizing a variety of ligands.10,12–15 The ligand selected for this work is a diglycolamide 71

(DGA). As diglycolamide ligands are composed of only carbon, hydrogen, oxygen, and nitrogen (CHON), they are 72

completely incinerable at end of use. DGA ligands have been shown to efficiently extract trivalent actinides and 73

lanthanides from highly acidic (> 1 M) nitric acidic feeds in the nuclear fuel cycle using solvent extraction.16–1974

DGA has been made into a resin by coating it on polymer supports, and is now commercially available.20–23 Some 75

work has been done immobilizing DGA on solid supports via impregnation.24–26 Recently DGA ligands were 76

covalently bound to silica supports for actinide and lanthanide sorption.27–29 DGA has been found to form 77

aggregates in high concentrations of nitric acid that have a high affinity the trivalent lanthanides and 78

actinides.30,31 As Chavan et al discuss,32 due to this aggregation, preorganization of the DGA on a solid support 79

would result in a more efficient extraction of Am(III) and Eu(III) than achieved with a liquid-liquid system. The 80

current work is aimed at creating more stable materials, with higher ligand density and in turn greater extraction 81

efficiency, by utilizing high surface area mesoporous silica and covalently binding the DGA ligands to the surface. 82

83
84
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EXPERIMENTAL METHODS85

86
Material Preparation87

88
Spherical particle SBA-15 type mesoporous silica with 8 nm pore diameter was synthesized based on the 89

procedure from Katiyar et al.33 The “DGA” ligand was a 4:1 mixture of N,N-(dipropyl)-N’(methyl), N’(3-90

[trimethoxysilyl]propyl)-3-oxapentane diamide and N,N-(dipropyl)-N’(methyl), N’(3-[monoethoxydimethoxysilyl]91

propyl)-3-oxapentane diamide (Technocomm) (Figure 1). The DGA ligand was grafted to the silica surface using 92

a solution polymerization technique.34,35 Condensation of the oxysilanes to the silica surface was conducted 93

under toluene reflux, and then followed by distillation of methanol, water, and a portion of the toluene for 94

volume reduction. The mixture was filtered, washed with 2-propanol, and air-dried overnight. Particles were 95

stored in an evacuated desiccator over time to prevent exposure to moisture. 96

97
Characterization98

99
The mesoporous silica was characterized using scanning electron microscopy (SEM), nitrogen adsorption 100

isotherms (BET/BJH method) and infrared spectroscopy (IR). The DGA functionalized mesoporous silica (DGA-101

SBA) was characterized using infrared spectroscopy, thermogravimetric analysis (TGA), nitrogen adsorption 102

isotherms (BET/BJH method), and nuclear magnetic resonance (NMR) spectroscopy. All parameters and 103

methods associated with these techniques are presented in the supporting information (SI).104

105
Batch Sorption Experiments106

107
Eu(III) stocks were prepared in either pH 3 nitric or hydrochloric acids with a 152Eu tracer. 243Am(III) stock was 108

prepared by purifying the Am(III), boiling it to dryness, and redissolving in either pH 3 nitric or hydrochloric acid. 109

Solid to liquid ratios for all batch experiments were 1 mg solid to 1 mg solution. DGA-SBA solid was pre-110

equilibrated with the appropriate acid solution (nitric or hydrochloric acid) for 14-17 hrs after pH adjustment. 111

Pre-equilibrated samples were spiked with either Eu(III) or Am(III) stock such that the total metal Eu(III) or 112

Am(III) concentration was approximately 10 μM. Solution pH was monitored and adjusted throughout each 113

experiment. Samples were centrifuged at 5000 rpm for 5 min prior to each aliquot removal. Aliquots were 114
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removed from the supernatant of the samples at approximately 1, 3, and 24 hrs after metal addition for the 115

capacity and pH dependence experiments. For the kinetic experiments, aliquots were removed at several time 116

points ranging between 8 minutes and 9 hours after metal addition. To determine Eu sorption capacity, 5 stock 117

solutions of varying Eu concentrations were prepared, such that a 50 µL addition of the appropriate stock to 6 118

mL 1 M nitric acid would results in Eu concentrations of 75, 125, 250, 500, and 1000 µM. 119

Desorption experiments were conducted by first contacting pre-conditioned DGA-SBA with 10 μM Eu or 120

Am in 1 M HNO3 for 24 h. The samples were centrifuged and aliquots were taken from the supernatant prior to 121

removal from the solids. Two methods of desorption were tested: 1) rinsing with pH 5 HCl and 2) rinsing with 122

ethylenediaminetetraacetic acid (EDTA). For these two methods, the Eu- or Am-contacted DGA-SBA was rinsed 123

multiple times with 1.5 mL of pH 5.5 HCl or 1 mM EDTA, respectively, taking aliquots of each rinse to monitor 124

desorption. During pre-equilibration and between aliquot removal, samples were rocked top-to-bottom. 125

The concentration of Eu(III) in the aliquots was monitored via the 152Eu tracer using a high-purity 126

germanium (HPGe) gamma spectrometer quantifying based on the 344 keV gamma peak. Am(III) concentration 127

in the aliquots was measured using liquid scintillation counting (LSC) with Ecolume scintillation cocktail. All 128

experiments were conducted in duplicate such that results agreed within 6%. For controls, no-solid blanks were 129

measured which were run in an identical fashion to the batch sorption experiments, but without solid to verify 130

that no precipitation or sorption to the tube was occurring. Additional controls with bare SBA-15 were also run 131

in the same manner as the DGA-SBA batch sorption experiments. These were conducted to measure sorption to 132

the bare silica surface with no ligand present. In both the no-solid blanks and the bare SBA-15 controls, no 133

Am(III) or Eu(III) sorption was observed within uncertainty of the measurement under any conditions examined 134

in this work. Error bars represent 1σ and are based on propagation of pipetting and counting errors. 135

136
137
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RESULTS AND DISCUSSION138
139

Material characterization140
141

The SEM micrograph of the silica particles indicates that their average shape is spherical (Figure S1). The BET 142

analysis of the SBA-15 mesoporous silica measures a surface area of 830 m2/g and an average pore diameter of143

7.5 nm. After functionalization, the surface area and pore diameter both decrease to 397 m2/g and 5.5 nm, 144

respectively. Based on the mass loss measured in the TGA, the ligand density of the DGA-SBA was 0.62 ± 0.03 145

ligands/nm2 calculated using a weighted average of the molecular weights of the trimethoxy- and 146

dimethoxymonoethoxysilane attachments on the DGA ligand accounting for the loss of a methoxy- group during 147

grafting.  All of the IR spectra contain the characteristic absorption bands for silica at 1070, 965, 805 cm-1148

corresponding to the symmetric Si-O-Si stretch, the Si-O stretch of surface silanols, and the antisymmetric Si-O-149

Si stretch, respectively. In comparing the pristine DGA-SBA (Figure S2b) to the non-functionalized SBA (Figure 150

S2a), there is a stretch at 1650 cm-1 due to the amide carbonyl stretches of the DGA ligand.151

The 29Si{1H} CP/MAS NMR spectrum (Figure 2a) of the pristine solid contained six resonances (Table S1); 152

three are associated with the bulk silica material (Q species, δSi = −92 to −112 ppm) and three with silicon atoms 153

bound to ligands on the surface (T species, δSi = −50 to −70 ppm). The Qn species are defined as Si(OSi)n(OH)4-n154

and the Tm species are similarly defined as SiR(OSi)m(OH)3-m. For bare, non-functionalized silica, the 29Si{1H} 155

CP/MAS spectrum only contains Q peaks, so the presence of T peaks indicates that the ligand was covalently 156

bound to the silica surface. T1 (δSi = −51 ppm)36 peaks are a result of ligand monomers on the surface. T2 (δSi = 157

−58 ppm)36 peaks are from Si atoms bound to terminal ligands in a polymer chain, whereas T3 (δSi = −69 ppm)36158

peaks are from the Si atoms bound to central ligands in the polymer chain. From this spectrum, it is clear that all 159

three species are present. Ideally, the material would be primarily composed of T2 and T3 species, indicating 160

polymerization of the ligands. Ligand polymerization is important for complexation with the DGA ligand, as 2-3 161

ligands are necessary to complex Ln(III) and An(III) of interest depending on the specific metal. 18,37 In addition, 162

13C{1H} CP/MAS NMR spectrum was used to determine whether the ligand remained intact during the 163

functionalization process. The spectrum shown in Figure 3a contains six resonances (Table S2), three of which 164
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were used as evidence that the ligand did not decompose during functionalization: δC= 167 ppm (C=O), δC= 67165

ppm (C-O), and δC= 6.7 ppm (-CH3).166

167
Acid hydrolysis168

169
The stability of DGA-SBA was examined by contacting the solid for one day with 1 M HNO3 to simulate the 170

conditions used for batch sorption experiments to achieve sorption. A 29Si{1H} CP/MAS NMR spectrum of the 171

acid-contacted sample (Figure 2b) was collected and compared to the pristine material. While CP is inherently 172

not quantitative, peak ratios of the T peaks can still be compared since the spectra were collected under 173

identical conditions. The T1:T2 ratios decreased from 0.86 to 0.34 for the pristine compared to the acid degraded 174

sample, respectively. The T2:T3 ratios for the pristine and acid degraded sample were 4.18 and 2.76, 175

respectively. This indicates that the T2 and T3 species are not as substantially affected by acid contact as T1176

species, which are substantially hydrolyzed from the surface. This result indicates that ligand polymerization 177

may potentially help stabilize the functionalized materials to acid-catalyzed hydrolysis. 178

The 13C{1H} CP/MAS NMR spectrum of the acid-contacted sample (Figure 3b) shows no substantial 179

difference from the the13C{1H} CP/MAS NMR spectrum of the pristine sample, indicating that after one day of 180

contact with 1 M HNO3, the ligand does not decompose. While the 29Si NMR spectra indicate cleavage of the 181

isolated ligands on the surface, the polymerized ligands remained grafted, and based on the 13C NMR spectra, it 182

is clear that the ligands remained intact. The IR spectra of the pristine DGA-SBA (Figure S2b) and the acid-183

contacted DGA-SBA (Figure S2c) are nearly identical, which agrees with the results from the NMR spectroscopy 184

indicating that the ligand remains intact after acid-contact. 185

Batch sorption186
187

Eu and Am kinetics188
189

The kinetics of Eu and Am sorption to DGA-SBA in 1 M HNO3 were examined in batch sorption style experiments 190

(Figure 4). The results indicate that Am (Figure 4a) reaches equilibrium after approximately 42 minutes, whereas 191

Eu (Figure 4b) does not reach equilibrium until it has contacted with the solid for approximately 2 hours. The 192

Am and Eu data fit to a pseudo-second-order rate model (Figure S3) with rate constants presented in Table S3. 193
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The difference in sorption kinetics could potentially be exploited in a separation of these two species using DGA-194

SBA as an extraction chromatography material. 195

Eu and Am sorption in HNO3 and HCl196
197

The equilibrium sorption of Eu(III) and Am(III) by DGA-SBA was studied as a function of nitric and hydrochloric 198

acid concentration. The concentration of nitric and hydrochloric acid was controlled by molarity for the 3 M and 199

1 M samples and by pH adjustments for the pH 1-4 samples. Results of these experiments after ~3 hrs of 200

reaction time are presented in Figure 5. Complete sorption of Eu and Am by DGA-SBA was observed in pH 1, 1 201

M, and 3 M HNO3 solutions. As discussed previously, equilibrium is reached in less than three hours under the 202

conditions where full sorption occurs, so the sorption data at this time point compared to the 24 hour contact 203

data is the same within error. However, at higher pH values, there is not full sorption of either Am or Eu and the 204

samples do not reach equilibrium within 3 hours. Sorption decreases substantially at higher pH with 60% 205

sorption at pH 2 and 3, and only 40% at pH 4 after 24 hours of contact for Eu. After the same contact time, 78%, 206

51%, and 45% of the Am sorbs to the DGA-SBA at pH 2, 3, and 4, respectively. The corresponding Kd values, 207

however, are still quite high at all nitric acid concentrations tested (Table 1). Those for the highest nitric 208

concentrations (for Eu, 3.2 x 104 and 1.5 x104 for 1 M and 3 M HNO3, respectively) agree well with the literature 209

for similar materials.22,27210

The Eu exhibits similar equilibrium sorption behavior in HCl compared to that in HNO3. A difference in 211

sorption behavior, however, can be observed at 0.01 M acid concentration where 63% ± 6% of the Eu sorbed in 212

HCl relative to 35% ± 4% in HNO3 at the same concentration. At 0.1 M, 1 M, and 3 M HCl, Eu sorption was 213

identical to sorption from HNO3, which resulted in nearly complete sorption from a 10 µm Eu solution. 214

Interestingly, Am did not have as high sorption in HCl at concentrations of 0.01 M, 1 M, and 3 M and higher as 215

Eu. At the very high acid concentrations tested, Am sorption never reaches 95-100%, as observed in HNO3. At 216

0.01 M HCl, Eu has much higher sorption than Am, 63% ± 6% relative to 24% ± 6%, respectively. This difference 217

could be utilized in chromatographic separations. In terms of Kd values, that correlates to 2.8 x 103 (Eu) and 7.4 x 218

102 (Am) after 24 h of metal-solid contact time, resulting in in a separation factor of Eu to Am of 3.8. Separation 219
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factors at equilibrium derived from batch experiments; however, do not always accurately predict the 220

separations that can be achieved in a chromatographic separation as the solid:liquid ratios and kinetics are 221

significantly different in these two cases and column characteristics must be taken into account.38 By combining 222

the slightly different behavior in hydrochloric acid especially at shorter contact times, a chromatographic 223

separation of Am from Eu may be possible using DGA-SBA as a solid-phase. Future work will include testing the 224

chromatographic potential of DGA-SBA. 225

Eu capacity 226
227

The capacity of DGA-SBA was determined for Eu(III) in 1 M HNO3 (Figure S4). Based on the overall similar 228

chemistry of Eu(III) and Am(III) in 1 M HNO3, we expect that their sorption capacity will be similar under these 229

conditions, and Eu is much less costly than the 243Am required for this measurement.  For this experiment, 230

stocks of varying Eu concentrations were added to samples of the same DGA-SBA mass and acid volume and 231

concentration. The capacity was determined from the concentration of Eu measured in the supernatant after 24 232

hours of contact. Two different adsorption isotherm models, Langmuir (Figure S5) and Freundlich (Figure S6), 233

were used. A linear regression was applied and the sorption data were best described with a Langmuir isotherm. 234

From the Langmuir fit, the capacity of the DGA-SBA for Eu(III) was found to be 379 µmol/g. As with any model, 235

however, it is important to keep in mind the assumptions and limitations. The Langmuir model assumes a 236

smooth surface and monolayer sorption. The Freundlich model, however, better accounts for a more 237

heterogeneous surface. Based on the surface coverage of the ligand determined by TGA and the presence of T1238

species in the 29Si{1H} CP/MAS NMR spectrum, there is not a complete monolayer of ligand on the surface. The 239

better fit of the Langmuir model compared to Freundlich may indicate that the Eu is primarily interacting in 240

areas of local well-ordered monolayer formation. The Eu sorption capacities derived from the Langmuir model 241

allowed for the determination of an approximately 2:1 ligand:metal ratio based on the ligand coverage on the 242

surface as measured by TGA. It should be noted that this ratio is a maximum as the ligand coverage measured 243

by TGA is from before contact with acidic solution, which as noted previously, does hydrolyze a portion of the 244

ligands. This agrees with the expected behavior; typically a 3:1 ligand:metal ratio is observed with DGA:Ln 245
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complexes in solution. Yet, due to immobilization on a surface, it may more difficult for a third ligand to complex 246

the metal compared to free ligands in a liquid-liquid separation. 247

Eu and Am desorption248
249

The desorption of Eu and Am that was sorbed to DGA-SBA in nitric acid was tested because of its importance in 250

the processing of used nuclear fuel. Eu and Am sorbed to DGA-SBA was expected to effectively desorb in pH 4.5 251

HCl based on the observed trend in percent sorption as a function of pH of HCl. Due to the remaining 1M HNO3252

left after decanting the supernatant of the sorption solution, pH 5.5 HCl was used as the rinse solution which 253

resulted in a pH of the third rinse of 4.5. Initially the rinse had a pH of approximately 1.5, which was raised to 254

3.5 with the second rinse, and finally 4.5 with the third rinse. While a final pH of 4.5 was desired, the pH was not 255

adjusted on earlier rinses as this was a desorption method being tested for chromatographic separations. This 256

desorption method was only moderately effective. For Eu, after two rinses with pH 5.5 HCl and 1 day contact, 257

31% of the metal desorbed. Am desorption was similar with 33% Am removal after two rinses. It should be 258

noted, however, that after three rinses, 65% of the Am was desorbed. To determine whether the especially low 259

percent desorption in the first two rinses was due to the pH or nitrate presence, a comparison experiment was 260

conducted where the pH was adjusted with NaOH to 4.5 with each rinse. The Am desorption was not 261

significantly different from that observed with no pH adjustment, which points to a system dominated by nitrate 262

concentration. While batch desorption with this method was not as effective as necessary for a separation263

(ideally >90% desorption), we expect that this would be much more successful in a chromatography experiment 264

where the nitrate can be more effectively washed from the solid. 265

As expected based on previous work,27,29 EDTA was effective at completely desorbing Am from the DGA-266

SBA. While one rinse with 1 mM EDTA only removed 12% of the Am, a second rinse desorbed an additional 82% 267

of the original Am, and third rinse successfully removed the remaining Am. Similarly, desorption of Eu from the 268

DGA-SBA using 1 mM EDTA was tested. The desorption of Eu with EDTA was not quite as successful as it was for 269

Am, with a maximum of 80 % of the Eu being removed after three rinses. The first and second rinses desorbed 270

less than 10% and 75%, respectively. The lower overall desorption of Eu compared to Am may be indicative of a 271
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stronger Eu-DGA complex relative to the Am-DGA complex and agrees with the higher Kd observed for Eu 272

compared to Am in 1 M HNO3 (Table 1).  273

Complexation in Eu-DGA-SBA274
275

The complexation of Eu to the DGA-SBA was explored using 29Si{1H} and 13C{1H}CP/MAS NMR spectroscopies276

(Figures 2c and 3c, respectively). Eu is a strong paramagnet, so in the 29Si and 13C NMR spectra, Si and C nuclei 277

that are near enough to the Eu center will experience the influence of its paramagnetism.  This results is  278

exhibited with a change in their chemical shift and relaxation behavior. The Eu-DGA-SBA sample was pre-279

conditioned with 1M HNO3 prior to Eu addition and subsequent sorption for a 24 hour time period. The filtered, 280

washed, and dried sample was then studied with NMR spectroscopy. In the 13C{1H} CP/MAS NMR spectra of Eu-281

DGA-SBA compared to p-DGA-SBA (Figures 3c and 3b, respectively), it is clear that the resonances at δC= 167,282

67, and 47 (marked by asterisks on Figure 3c) have disappeared with the addition of Eu. This is not evidence of 283

the ligand decomposing due to acid, as that would have resulted in these peaks also decreasing in the p-DGA-284

SBA, but rather a result of the paramagnetic nature of the Eu bound to the ligands. The carbon atoms that are 285

directly bound to the oxygen atoms are most affected as these are the closest to the binding site (carbonyl and 286

ether oxygens). However, even carbon atoms that were more distant from the binding site were impacted by 287

the Eu, indicating that the paramagnetic influence could be extending beyond just a few angstroms.288

To verify that the disappearance of the peaks at δC= 167, 66, and 46 was not due to Eu-catalyzed ligand 289

breakdown, an IR spectrum of the Eu-DGA-SBA sample was collected.  The results of the IR measurement of the 290

Eu-DGA-SBA indicates the carbonyl stretch is still present but shifted to 1630 cm-1 (Figure S2d) compared to 291

1640 cm-1 in the acid pre-treated solid (Figure S2c). This shift indicates that the ligand is still present and intact, 292

and that the Eu is coordinating through the carbonyls, as expected.39 Additionally, the intensity of the symmetric 293

Si-O-Si stretch at 1070 cm-1 decreased significantly in the Eu-DGA-SBA sample. This decrease may be indicative 294

of a change in the linearity of the bulk silica.40 One could imagine that prior to complexation the ligands on the 295

surface can rotate and bend freely. However, with two ligands complexing to a single Eu atom, they lose much 296
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of their original rotational and bending freedom. Restraining the ligands through complexation could result in 297

overall increased rigidity of the surface layers of the bulk silica. 298

The 13C NMR spectrum clearly confirms that the Eu is binding directly to the ligand. To determine if the 299

Eu is also interacting strongly with the silica surface, a 29Si{1H} CP/MAS NMR spectrum was collected on the Eu-300

DGA-SBA (Figure 2c). The 29Si NMR spectrum for the Eu-DGA-SBA still contains both T and Q peaks, and the T 301

peak ratios are quite similar to those observed in the p-DGA-SBA. However, the Q3:Q4 ratio changed, which 302

could be a result of Eu altering the CP kinetics of these peaks.41303

304
Implications305

Previous studies have immobilized diglycolamide ligands on silica, 27–29 but this is the first time these ligands 306

have been covalently bound to mesoporous silica, a much higher surface area substrate. The result of using 307

mesoporous silica is that the material has a higher surface area (397 m2/g) compared to its analog (180 m2/g)27308

and in turn a higher metal ion capacity. The Eu(III) capacity determined for the DGA-SBA presented here was 379 309

µmol/g (57 mg/g) which is four times higher than the higher capacity analogous resin (14 mg/g) presented by 310

Verboom, et al.27 In comparing Eu sorption from 3M HNO3 for the DGA-SBA to the analogous resins, the DGA-311

SBA has a much higher Kd at 2.4 x104 relative to 2.7 x 103 and 5.7 x 103 for the two resins made by Verboom et al. 312

The same trend is observed for Am; however, these results are not directly comparable as the metal ion 313

concentrations were significantly higher in this work compared to those in the literature. The  higher Kd values 314

are likely due to the higher surface area and ligand density of the DGA-SBA material. In comparison to the 315

commercially available DGA resin,22 the ligand density for the commercially available material is higher at 316

approximately 0.77 ligands/nm2 (based on 500 m2/g surface are 42 of Amberchrom-CG71) which is likely due to a 317

thicker ligand layer in the coated material than is possible with a covalently bound material. Eu sorption, 318

however, for the DGA-SBA is again higher compared to the commercially available resin (379 µmol/g vs. 203319

µmol/g). The higher capacity for DGA-SBA despite the lower ligand density supports the hypothesis that the320

coated solid-phase extractants leave many ligands inaccessible to the metal, whereas covalently bound ligands 321
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are more accessible. DGA-SBA has the highest Eu(III) capacity of all diglycolamide solid-phase extractants thus 322

reported.22,27323

DGA-SBA sorbed Eu and Am effectively in acid concentrations between 0.1 M and 3 M. The nearly 324

complete sorption of both Am(III) and Eu(III) from nitric and hydrochloric acid at these concentrations is 325

promising for sequestration of these metals with DGA-SBA from dissolved used nuclear fuel or legacy waste. 326

Additionally, the stability of the ligand in the presence of acid indicates that the DGA-SBA could be reused,327

resulting in less waste production per extraction. While desorption with more dilute HCl was only moderately 328

successful in these batch sorption style experiments, it is expected to be much more effective in 329

chromatographic applications. EDTA was effective in completely desorbing the metals from the DGA-SBA. While 330

it is not ideal to use an organic complexing agent to desorb, especially when trying to eliminate hazardous 331

organic waste production, the overall volume and concentration of EDTA is low relative to a liquid-liquid 332

extraction. 333

Am was found to have much faster sorption kinetics relative to Eu that follow a pseudo-second order 334

rate law. Additionally, over twice the amount of Eu sorbed to the DGA-SBA relative to Am in 0.01 M HCl. The 335

difference in sorption behavior for Am and Eu at 0.01 M HCl could potentially be utilized for a separation, 336

especially if coupled with the difference in sorption kinetics. If Am and Eu could be separated using DGA-SBA,337

then it would not only be an effective bulk sorbent for trivalent actinides and lanthanides but could also 338

potentially be used to isolate Am from the lanthanide fission products.339

SUPPORTING INFORMATION340
341

Material synthesis and characterization methods, peak information for NMR spectra, kinetic fitting, SEM 342

micrograph, IR spectra, and sorption capacity and isotherms.343
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466

Tables467
468
469

Cation Acid
Acid 

concentration pH Kd [mL/g]

Eu(III)

HNO3

3 M 1.52 x 104

1 M 3.17 x 104

0.98 2.17 x 105

1.98 1.52 x 103

2.97 1.79 x 103

3.95 6.36 x 102

HCl

3 M 1.41 x 104

1 M 2.45 x 104

0.98 8.12 x 104

2.00 2.84 x 103

3.04 2.13 x 102

4.01 2.10 x 102

Am(III)

HNO3

3 M 1.19 x 104

1 M 1.31 x 104

1.10 1.67 x 104

2.06 3.41 x 103

3.08 1.01 x 10
3

3.96 7.68 x 102

HCl

3 M 7.33 x 103

1 M 7.74 x 103

1.10 5.39 x 103

2.04 7.37 x 102

3.08 4.64 x 102

3.99 5.92 x 102

470
Table 1. Batch sorption results of Eu(III) and Am(III) on DGA-SBA after 24 hours of metal contact time in HNO3471
and HCl. Metal ion concentrations were 8 µM and 10 µM for Am(III) and Eu(III), respectively. 472

473
474
475
476
477
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FIGURES478
479

480
481

Figure 1. a) N,N-(dipropyl)-N’(methyl), N’(3-[trimethoxysilyl]propyl)-3-oxapentane diamide and b) N,N-482
(dipropyl)-N’(methyl), N’(3-[monoethoxydimethoxysilyl] propyl)-3-oxapentane diamide. The ‘DGA’ mixture used 483
in the synthesis was a 4 to 1 ratio of a to b. 484

485
486

487
488

Figure 2. 29Si{1H} CP/MAS NMR spectra for DGA functionalized SBA-15 a) pristine solid (DGA-SBA), b) acid-489
contacted solid (p-DGA-SBA), and c) Eu-contacted solid (Eu-DGA-SBA) The resonances for the bulk silicon atoms 490
are the Q peaks (Q2, Q3, and Q4 have shifts of δSi =-94, -104, and -112 ppm, respectively) and for the surface 491
silicon atoms are the T peaks (T1, T2, and T3 have shifts of δSi =-54, -60, and -69 ppm, respectively). 492

493
494
495
496
497
498
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499
Figure 3. 13C{1H} CP/MAS NMR spectra for DGA functionalized SBA-15 a) pristine solid (DGA-SBA), b) acid-500
contacted solid (p-DGA-SBA), and c) Eu-contacted solid (Eu-DGA-SBA) . Asterisks indicate chemical shift of 501
resonances impacted by the presence of Eu.  502

503
504

505
506
507

Figure 4. Batch sorption kinetics for a) Am(III) and b) Eu(III) from 1 M nitric acid by DGA-SBA. Eu(III) and Am(III) 508
concentrations were 10 and 8 µM, respectively. 509

510
511
512
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513
Figure 5. Batch sorption of a, b) Eu(III) and c, d) Am(III) from varying concentrations of nitric and hydrochloric 514
acids by DGA-SBA. Metal-solid contact time was approximately 3 h. Eu(III) and Am(III) concentrations were 10 515
and 8 µM, respectively. 516
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